We report measurements of atmospheric composition over a tropical rainforest and over a nearby oil palm plantation in Sabah, Borneo. The primary vegetation in each of the two landscapes emits very different amounts and kinds of volatile organic compounds (VOCs), resulting in distinctive VOC fingerprints in the atmospheric boundary layer for both landscapes. VOCs over the Borneo rainforest are dominated by isoprene and its oxidation products, with a significant additional contribution from monoterpenes. Rather than consuming the main atmospheric oxidant, OH, these high concentrations of VOCs appear to maintain OH, as has been observed previously over Amazonia. The boundary-layer characteristics and mixing ratios of VOCs observed over the Borneo rainforest are different to those measured previously over Amazonia. Compared with the Bornean rainforest, air over the oil palm plantation contains much more isoprene, monoterpenes are relatively less important, and the flower scent, estragole, is prominent. Concentrations of nitrogen oxides are greater above the agroindustrial oil palm landscape than over the rainforest, and this leads to changes in some secondary pollutant mixing ratios (but not, currently, differences in ozone). Secondary organic aerosol over both landscapes shows a significant contribution from isoprene. Primary biological aerosol dominates the super-micrometre aerosol over the rainforest and is likely to be sensitive to land-use change, since the fungal source of the bioaerosol is closely linked to above-ground biodiversity.
INTRODUCTION
Land-system change is one of the nine 'planetary boundaries', by which Rockström et al. [1] assessed the state of the '''planetary playing field' for humanity", and links to another planetary boundary: climate change. It does so via biogeophysical changes (albedo, aerodynamic roughness and the ratio of energy flux to the atmosphere via sensible and latent heat, or Bowen ratio; see also Fowler et al. [2] ) and biogeochemical changes to atmospheric composition [3, 4] .
The present paper addresses the latter link, between land-system change and atmospheric composition, particularly with respect to reactive trace gases and particles. Volatile organic compound (VOC) [5] and nitrogen oxide emissions can change, and gas and particle deposition can change [6] as land-use changes over time, affecting both air quality and climate.
Setting aside the wholesale changes brought about by urbanization, rural land-system change in the tropics can produce significant changes in atmospheric state and composition. For example, in Amazonia, it has been shown that conversion of forest to savannah can, inter alia, increase dry season mixing-layer heights by 50 per cent [7] , decrease rainfall, increase regional aerosol loading as a result of biomass burning, increase the frequency and intensity of lightning and alter regional photochemistry (see below). In South East Asia, the severe impact of using fire to convert peaty rainforest landscapes to agricultural land is well attested [8 -10] and the biogenic VOC emissions from a traditional agricultural crop (rubber) have been measured [11, 12] .
Land-system change in the tropics is proceeding at an unprecedented rate. The precise pressures on rural land use vary across the tropics, but always include conversion to agricultural land for food, fuel and fibre. Some of the effects of tropical land-use change are becoming apparent, but there is a steep west-east 'knowledge gradient' in our understanding, particularly of the effects of land-system change on biogenic emissions and atmospheric photochemistry. We know much more about Amazonia [13] [14] [15] [16] [17] [18] , and references therein, 19, 20] than we do about the African wet tropics [21] [22] [23] [24] , and we know more about tropical Africa than we do about South [25, 26] and South East Asia [27, 28] . The paucity of direct measurements of atmospheric composition in South East Asia was a primary driver for the measurements reported below.
Photochemistry in the troposphere largely depends on the VOC/NO x concentration ratio (e.g. [29] [30] [31] ); biogenic emissions of NO x and VOCs are especially important in the remote tropics, distant from urban sources of air pollutants. It is becoming apparent that both gas phase and particle phase chemistry are affected by the [VOC]/[NO x ] ratio, and hence the prevailing chemical regime and concentrations of photochemical products in the atmosphere will change as the ratios of the precursor concentrations change. It is also becoming clear that major gaps remain in our knowledge of what was, until recently, believed to be relatively simple chemistry. The oxidation of trace gases in the atmosphere is largely initiated by reaction with the hydroxyl radical, OH, whose concentration is controlled by local VOC and NO x concentrations [32] . The biogenic VOC isoprene reacts rapidly with the hydroxyl radical (OH), but recent field observations indicate that our understanding of isoprene chemistry in low-NO x conditions remains very incomplete [19, [33] [34] [35] [36] . Reactions of isoprene may also lead to the formation of secondary organic aerosol (SOA) particles (e.g. [37] [38] [39] ) that are active radiatively and act as cloud condensation nuclei (CCN).
In the tropics, there is a rapid production rate of OH from the reaction of O( ozone) owing to the presence of intense sunlight and high humidities. OH is closely coupled with peroxy radicals (HO 2 and organic peroxy radicals (S i R i O 2 )), these species being key intermediates and chain carriers in the photochemical cycling of ozone in polluted air [40] . Peroxy radicals are formed primarily via the OH-initiated oxidation of anthropogenic and biogenic species in the atmosphere. Ozone is produced via the peroxy radical-catalysed oxidation of NO to NO 2 and subsequent photolysis of NO 2 , while ozone can also be destroyed through reaction with HO 2 [40] . Owing to the short lifetime of OH (less than 1 s) and peroxy radicals (HO 2 has a lifetime of the order of a minute in clean air, much less than a minute in polluted air [40] ), these species are not strongly influenced by transport processes. In addition, the self-and cross-reactions of peroxy radicals to form peroxides (e.g. H 2 O 2 ) are a major sink for HO 2 and OH [41] .
Measurements of OH, HO 2 and RO 2 concentrations can be compared with model calculations in order to probe the understanding of the photochemistry of this region, and to validate chemical schemes that are used in climate models to predict future changes in composition, for example, of greenhouse gases and secondary pollutants. There have been relatively few measurements of OH and HO 2 radicals in the tropical troposphere, for example from aircraft above the Pacific region [42] [43] [44] [45] [46] [47] and from a ship in the Atlantic Ocean [48] , and also aircraft measurements over West Africa and in Mexico City [49] . However, measurements of OH and HO 2 within or above a tropical rainforest are particularly sparse, with only one previous study (GABRIEL), in which aircraft measurements were made over Suriname [19, 50] . Prior to the GABRIEL study, it was expected that, owing to the elevated concentrations of isoprene and other biogenic VOCs within the rainforest boundary layer, OH concentrations would be low, and hence the degree of chemical processing relatively modest. Model calculations of the global distribution of OH showed suppressed OH in tropical rainforests, with concentrations much lower than surrounding oceanic areas. The GABRIEL study, however, gave the surprising result that OH and HO 2 concentrations measured in the boundary layer above the forest were up to a factor of 5 or more higher than the calculations of a box model constrained by measurements of trace gases and radiation parameters measured simultaneously on the aircraft. It was hypothesized that the reaction of HO 2 with isoprene peroxy radicals was able to recycle OH radicals, with good agreement for OH achieved with the model by approximately two to three OH molecules recycled [19] . However, there is no evidence in the laboratory for this reaction generating a high yield of OH. An alternative explanation is that air containing high concentrations of isoprene does not mix well with the surrounding troposphere, and that the effective rate constant for removal of isoprene by OH is lower than that measured in the laboratory (see §7).
Until the measurements discussed below, peroxy radical measurements in forested regions had been made exclusively in Boreal forested regions [35, 36, [51] [52] [53] . No previous ground-based rainforest measurements have been obtained of OH, HO 2 or peroxy radicals (S i R i O 2 ), and an overview of such measurements, obtained during the OP3/ACES campaign in Borneo, is presented below.
We investigate issues related to atmospheric photochemistry and land-system change using measurements of atmospheric composition obtained in Sabah, Malaysia, as part of the 'Oxidant and particle photochemical processes above a South East Asian tropical rainforest/Aerosol Coupling in the Earth System' (OP3/ACES) campaign. A detailed description of the rationale behind the OP3/ACES campaign, a description of the measurement sites and an initial survey of results are provided by Hewitt et al. [54] , and only a very brief summary is presented here. The OP3/ACES campaign was carried out by a consortium consisting of eight research groups from the UK, along with Malaysian, Italian, USA and other collaborators. [31] . Measurements of fluxes of trace gases and particles to and from the forest canopies were made, coupled with ground, tower and aircraft-based atmospheric composition measurements and complementary modelling activities.
THE OP3/ACES CAMPAIGN
Bukit Atur, the ground-based rainforest measurement site, is a small hill approximately 260 m above the nearby valley floor. On the top of the hill is a small grassy clearing approximately 150 Â 50 m, surrounded by secondary rainforest, rising to approximately 10 m on three sides. The surrounding rainforest is either virgin or has not been logged since 1988 [55] . Measurements at Bukit Atur were obtained at a range of heights from 5 to 75 m above ground level, using a 100 m steel-lattice measurement tower. The Danum Valley region is hilly, having peaks above 500 m a.s.l. and steep-sided valleys with valley floors at about 200 m a.s.l. [56, 57] (figure 2). The ground-based oil palm plantation measurements were obtained in a flat 33 ha section of the much larger Sabahmas oil palm plantation, situated on the low-lying plain to the north and east of Danum Valley. The palms where we measured were all 12 year-old Elaeis guineensis Â Elaeis oleifera hybrids of the progeny 'Gutherie', with an average height of 12 m and planted at the standard plantation density of 150 trees per hectare. The plantation site comprised a 15 m hydraulic tower and 8 m canopy access platform; instruments were housed in a hut at the base of the platform. Aircraft and ground-based measurements show good agreement at both sites [31] , suggesting that the ground-based measurements are representative of the well-mixed boundary layer during daytime.
The emissions measurements obtained during OP3/ACES, and composition measurements obtained within the rainforest canopy, are reported in one companion paper [2] ; implications of the measurements for regional-and global-scale atmospheric composition, chemistry and climate are discussed in another [58] . Below, we first give the meteorological context for the measurements and report the chemical regimes (i.e. typical ozone, nitrogen oxide and the total VOC mixing ratios) present over the rainforest and oil palm plantation landscapes. We then discuss our measurements, in both landscapes, of fast photochemistry and radicals and of aerosol size distributions and particle composition. Finally, we draw the measurements together to assess the level of our understanding of the impacts of South East Asian land-system change on atmospheric composition.
BOUNDARY LAYER CHARACTERISTICS
Climatologically, the OP3 sites in northern Borneo are in the superwet tropics [59] . Such a climate is ideal for lowland evergreen broadleaf rainforest, which grades into montane rainforest at higher elevations [60] . The local atmospheric boundary-layer structure is dominated by the interaction of strong insolation with this topography and land cover: solar radiation is efficiently captured at the top of the forest canopy and partitioned into latent and sensible heating [2, 61] . The boundary layer is well-mixed, several hundred metres deep and capped by shallow cumulus during the middle of the day, while at night the hill tops are de-coupled from the valleys, in which fog forms (figure 2). In the afternoon, convection is often strong enough to produce thunderstorms, giving an afternoon peak in rainfall [54, 62] . During OP3, boundary-layer characteristics were monitored using in situ instruments on the GAW tower [63] and remotely using Doppler lidar [56, 57] . At the oil palm plantation, eddy covariance measurements at the top of the canopy provide boundarylayer characterization [2] . Aircraft measurements of atmospheric state parameters also provide information on the boundary layer. Figure 3 shows potential temperature profiles from aircraft data above the rainforest and plantation. The depth of well-mixed boundary layer (constant potential temperature) is approximately constant at about 800 m over the two landscapes.
The rainforest lidar data give no information on nocturnal boundary-layer structure because the instrument was sited in a valley and so was usually in fog during the night (figure 2). The depth of the daytime mixed layer can be calculated in a variety of ways from lidar data: using aerosol backscatter or metrics based on the vertical wind. There is no consensus on which measure of mixing-layer depth should be adopted; the choice of metric depends on the issue being studied. Measures that emphasize the 'high-tide line' reached by turbulent eddies give a mixing-layer depth of up to 1300 m; measures that emphasize gradients in tracer (i.e. aerosol) abundance give a mixing depth of no more than 500 m [57] . Mixing depth estimated by the standard deviation of the vertical wind-which emphasizes the depth of atmosphere through which turbulent eddy mixing is efficient and which maximizes at about 800 m-is perhaps the most useful definition for budget calculations and discussions of atmospheric composition. It is used in the box-modelling studies described below (see [64] and the associated online discussion for further details). A mixing-layer depth of 800 m is substantially shallower than those found in Amazonian studies, in which the mixing layer is found typically to be about 1500 m deep.
The differences in eddy momentum, sensible heat and latent heat fluxes between the rainforest and the plantation are described by Fowler et al. [2] . Both sites had daytime momentum fluxes between 0.1 and 0.2 N m
22
. More cloudiness and rainfall were experienced at the rainforest site during the measurement period, and this led to lower available energy in the rainforest boundary layer. How typical this difference is, and what the difference implies for atmospheric composition at the two sites, remains to be determined.
Sabah is known as 'the land below the wind', and this colloquial description held true during OP3/ ACES. Mean horizontal winds near the surface were 1.8 + 1 m s
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, with a maximum of approximately 
m s
21 recorded as gust fronts passed [57] . Mean winds remained below 4 m s 21 for heights up to 1000 m above ground level. These low winds speeds suggest, for example, a transit time of ca 17 h for a near-surface air parcel to traverse the region depicted in figure 1. Twenty-four hour backward air-mass trajectories during the OP3-I and OP3-III rainforest intensives are predominantly from the south (see [60] , figure 3 ). Air arriving at Bukit Atur or the plantation site from the southeast would be expected to show maritime influence, whereas air arriving from the southwest passed over the Borneo hinterland and would be expected to show the greatest influence of terrestrial emissions and deposition. This variation in air mass history is most evident in aerosol composition (see below).
CHEMICAL REGIMES (a) Aircraft measurements of composition
The differences in composition between the rainforest and the oil palm plantations can be seen in aircraft measurements throughout the boundary layer. Aircraft measurements at low altitude require descent over flat, low-lying terrain. Because plantations, predominantly of oil palm, cover the lowlands of northern Borneo, and because we wished to fly as low as possible over the rainforest station, the sorties of the BAe146 FAAM research aircraft included low-level runs across the plantation-rainforest boundary (figure 1). Figure 4 shows aircraft level runs across the plantation-rainforest boundary, which the aircraft made in order to reach Bukit Atur at low altitude. The statistics of atmospheric composition for all measurements made by the aircraft over the landscapes are discussed in Hewitt et al. [31] and summarized here. Over the rainforest, median boundary-layer mixing ratios of NO, NO 2 and isoprene are 35, 161 and 767 pptv, respectively, and over the plantation the median mixing ratios are 67, 288 and 3870 pptv, respectively. The changed VOC and NO x conditions clearly have an impact on the atmospheric chemistry: mixing ratios of the secondary pollutant peroxy acetyl nitrate are greatly enhanced (median mixing ratios are 6.0 pptv over the rainforest and 11.5 pptv over the plantation landscape). Ozone mixing ratios are little changed, however (rainforest: 10.8 ppbv; oil palm plantation: 12.1 ppbv), because the NO x enhancement is proportionately much less than the VOC enhancement, and the chemistry remains severely NO xlimited over both landscapes. Ozone deposition may also change between the two landscapes [2] , with deposition to the plantation landscape being smaller than to the rainforest. However, our modelling shows that chemical fluxes are comparable, and usually larger in magnitude, than deposition fluxes (see §7). Independent, longer-term, ozone measurements at the Bukit Atur GAW station confirm that our measured mixing ratios are typical. Measurements of OH and HO 2 were made aboard the BAe146 during the July OP3 campaign between 500 and 6500 m. OH concentrations were highest in the free-troposphere (up to approx. 10 7 molecule cm
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). Using the Master Chemical Mechanism [65] to model the aircraft measurements significantly under-predicts OH, with the discrepancy between modelled and measured OH correlating with isoprene. Introducing the mechanism of Peeters et al. [66] , which recycles OH, leads to a significant improvement in modelled OH (n.b.: this study of the OP3 aircraft data is not so constrained by measurements as that described below and in Pyle et al. [58] , because the ground-based measurements were more comprehensive than the airborne measurements).
(b) Variations in total reactive carbon and volatile organic compound speciation between landscapes Figure 5 shows average mass spectra from the proton transfer reaction mass spectrometers (PTR-MS) operated at Bukit Atur and Sabahmas. PTR is a soft ionization method that protonates chemicals with a higher proton affinity than water, making it very suitable for detection of trace levels of gas-phase organic compounds [67, 68] . Although the library of PTR-MS spectra is not as complete as that for more established ionization methods (e.g. the NIST/EPA/NIH Mass Spectral Library, http://webbook.nist.gov/chemistry/ name-ser.html), and although any compound identification based solely on mass-spectrometry is limited by the single dimension (i.e. mass/charge ratio) of the chemical information, we have assigned the main features of the mass spectra in figure 5 . This is made easier because (i) the proton transfer reactions between H 3 O þ and VOCs tend not to produce excess energy that would cause the protonated VOC to fragment (that is, the reactions are not highly exoergic), (ii) a dual-channel gas chromatograph with flame ionization detectors (DC-GC-FID [69] ) provided speciated hydrocarbon measurements at the rainforest site with 1 hour resolution, and (iii) adsorbent-tube samples of ambient air and of leaf emissions were collected for later analysis by a gas chromatograph with a mass-spectrometry detector (GC-MS).
The total VOC spectrum and mass loading are very different between rainforest and plantation (figure 5). In the average mass spectrum for the rainforest, only isoprene is present at mixing ratios greater than 1 ppbv; for the plantation spectrum, nine compounds are present at mixing ratios greater than 1 ppbv. Summing each spectrum to estimate the volatile carbon, our tentative compound identification suggests that five times as much volatile reactive organic carbon is present in the plantation air than in the rainforest air (see also Fowler et al. [2] ). This is perhaps surprising, since the plantation exists to convert atmospheric carbon dioxide into organic compounds for use as food and fuel and so one might expect plants bred for maximum oil yield to minimize their 'waste' carbon and hence emit less as VOCs. Overall, however, the carbon loss owing to VOC emission is a small fraction of carbon uptake, and the relative 'wastefulness' of the oil palm plants does not scale with the relative change in VOC abundance across the landscapes: the sum of the VOC fluxes measured represents a 0.4 per cent loss of daytime assimilated carbon by the rainforest canopy [70] , and a loss of 0.8 per cent by the plantation canopy [71] .
The PTR-MS was also used to target specific compounds to allow for higher resolution measurements of mixing ratios and flux measurements. Some of these compounds are shown in figure 6 , which compares the diurnal pattern in mixing ratios measured above each landscape. Table 1 shows the correlation coefficients between compounds measured in one landscape, and between compounds across landscapes. Methanol, acetone and acetaldehyde all share broadly similar trends above each landscape and are of a similar magnitude. Similarly, emission rates of these compounds were either small (acetone and acetaldehyde) or negative (methanol) over both landscapes, which, considering their relatively high ambient mixing ratios, suggests that photochemistry may be an important source for these compounds. In contrast, flux measurements of isoprene showed significant emissions from both landscapes [2] and, of the compounds shown in figure 6 , isoprene emissions represented approximately 80 per cent of the reactive carbon emitted from both rainforest and oil palm.
Although not currently producing a significant effect on ozone, the much increased reactive VOC emissions from the oil palm plantation make that landscape vulnerable to episodic high ground-level ozone should nitrogen oxide mixing ratios increase as a result of regional development [31, 58] . Figure 6e shows the mixing ratios of methyl vinyl ketone (MVK) and methacrolein (MACR). MVK and MACR share the same molecular mass so that their sum is measured by the PTR-MS. MVK and MACR are unique first-generation reaction products of isoprene oxidation, and consequently analysis of the ratio of their sum to isoprene can be informative. This ratio was similar above both landscapes, with the smallest ratio of around 0.15 occurring around mid-day when the production rate of isoprene was exceeding the photochemical turnover; ratios as high as 0.35 could be observed during both the morning and afternoon. The similarity of the ratios between the two sites is surprising when the height at which the measurements were obtained above the canopy is considered-1 m for the oil palm and between 100 and 150 m at the rainforest-demonstrating that the convective mixing timescale was much quicker than the chemical lifetime of isoprene.
In addition to MVK þ MACR, second-generation reaction products were also detected above both landscapes. Hydroxyacetone (HA) is a breakdown product of MACR and is thought to relate to the signal observed at m/z 75 (figure 5). Although previous studies have reliably measured HA at m/z 75 [72] , contributions from other compounds such as propionic acid and/or biogenic esters (mainly propionates), some of which are known kairomones (i.e. signalling chemicals that produce responses between species) of the oil palm weevil [73] , cannot be ruled out. The signal observed at m/z 75 was not specifically targeted, i.e. with a long dwell-time during the PTR-MS measurement cycle, but a strong signal was detected at this m/z at the oil palm plantation using the fullmass-range scans. The signal was far stronger above the oil palm plantation than the rainforest, and its ratio to isoprene was 0.1 in the morning, 0.2 during mid-day, increasing sharply in the late afternoon to 1, when isoprene emissions were decreasing rapidly. HA has a relatively long atmospheric lifetime of 4 days with respect to OH [74] , so can potentially accumulate in the shallow boundary layer after its collapse in the evening, which may explain the sharp increase at this time. Figure 6 shows the diurnal variability of total monoterpene signal, as derived by the PTR-MS technique. Since the rate constants for the reactions of monoterpene species with both ozone and OH are highly dependent on precise molecular structure, it is important to also understand the diurnal variability in the individual monoterpenes. Above the rainforest in Danum, monoterpene composition was principally composed of a-pinene, camphene, limonene and gterpinene, as identified by supporting GC-FID analysis [75] . These species comprised around 14 per cent of ambient reactive carbon (when accounting for C2 -C8 non-methane hydrocarbons, carbonyls measured by GC and PTR-MS and speciated monoterpenes), or 18 per cent of the directly emitted reactive carbon from the canopy as estimated by eddy covariance of PTR-MS measurements. Figure 7 shows the average individual diurnal cycles of three speciated monoterpenes, with all species showing a daytime maximum and night-time minimum. However, the exact shapes of monoterpene diurnal profiles do differ between species. For example, terpinene mixing ratios are notably elevated in the early evening compared with other species. In contrast to isoprene, night-time monoterpene mixing ratios, measured at 5 m above ground, are non-zero. This behaviour is consistent with monoterpene emissions that are partially dependent on temperature only rather than sunlight and temperature. Monoterpenes present in the very shallow and unmixed nocturnal boundary layer may continue to undergo dark reactions with ozone. Such reactions maintain the formation of carbonyl species of relevance to SOA partitioning, 18.00 00.00 00.00 06.00 12.00 hour (UTC + 8)
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18.00 00.00 and may also help sustain non-zero night-time OH mixing ratios close to the ground. Monoterpenes are known to have a high-SOA-forming potential, with mass yields of 30 -50% [76, 77] . We can produce a steady-state, box-type, budget for SOA, based on the observed monoterpene emission rates, E (ca 0. ), observed by aerosol mass spectrometry and a well-mixed boundary-layer height, h, of 800 m. At steady state, the ratio Ch/E defines the product of the loss timescale, t, and the yield factor for conversion of emitted monoterpene into SOA, x. The observations at the OP3 rainforest site produce xt % 7000 s, suggesting that there is ample monoterpene to supply the OOA aerosol fraction for yields greater than 5 per cent or (wet plus dry) deposition lifetimes greater than 2 days.
In stark contrast to observations at the rainforest, ambient levels of monoterpenes at the oil palm plantation were small and leaf-level emission measurements confirmed oil palm to be a very low monoterpene emitter [2] . The absence of significant monoterpene emissions might suggest the oil palm landscape to have a lower SOA-forming potential, especially given the recent findings of Kiendler-Scharr et al. [78] , which suggest that isoprene emissions may actually suppress aerosol yields by scavenging OH. Nonetheless, significant fluxes and mixing ratio of estragole, a known precursor for SOA [77] , were observed above the plantation [79] . Mixing ratio of estragole, shown in figure 6i, averaged 3 ppbv in the middle of the day, but gradually increased throughout the afternoon (3.8 ppbv) and evening (4.5 ppbv). Unlike isoprene, which was emitted directly from the oil palm fronds as a response to the ambient light and temperature, estragole emissions originate from the oil palm flowers (of which there are thousands on one inflorescence) and lag the ambient light and temperature by several hours. The emissions are, therefore, not well correlated with isoprene and monoterpenes (table 1). . Diurnal average mixing ratios of the monoterpenes camphene, limonene and g-terpinene and the isoprene breakdown product methacrolein, as measured by gas chromatography at 5 m above ground at the Bukit Atur rainforest site.
Estragole acts as an attractant for the pollinating weevil, which in turn enhances the plant yield. This ecological function makes estragole emissions hugely important for the oil palm industry. Once in the atmosphere, estragole reacts with the hydroxyl radical (estimated lifetime against OH attack approx. 55 min) and ozone (estimated lifetime against O 3 attack approx.18 h) [80] , also making it important in regional photochemistry and SOA formation. Using the same box-budget approach as for monoterpenes, above, the estragole observations at the OP3 plantation site produce xt % 2880 s. In this calculation, we use the observed estragole emission rates, E (ca 0.5 mg m 22 h 21 [79] ), the average observed OOA fraction, C (0.5 mg m 23 ), and a well-mixed boundary-layer height, h, of 800 m. Such a value of xt suggests that there is ample estragole to supply the OOA aerosol fraction for yields greater than 1 per cent or (wet plus dry) deposition lifetimes greater than 2 days. There is also potentially a direct contribution to particle loading from estragole, which has a relatively high octanol -air partition coefficient of 5.194. Comparison of PTR-and aerosol mass spectra suggest that the direct contribution of estragole to particle mass is 1/1000 -1/10 000 of the gas-phase concentration [79] , i.e. up to a few tens of ng m
. For estragole, then, the potential for secondary aerosol is much greater than the potential for primary aerosol. Figure 6h , shows the diurnal profile of m/z 93, which had a very strong signal (approx. 1.5 ppbv) above the oil palm plantation, but was not detected above the rainforest. We attribute this signal to toluene [71] as contributions at this m/z from other compounds such as p-cymene, hydrated HA and chloroacetone were each tested and ruled out. Large fluxes of m/z 93 confirm the source of the emission to be below the canopy and thus rule out its possible advection from local anthropogenic sources, and the diurnal pattern is highly suggestive of a biogenic source. Biogenic toluene emissions have previously been reported by Heiden et al. [81] from sunflowers and more recently by White et al. [82] from alfalfa fields, although the absolute emission rates were smaller. Enclosure studies suggest that, like estragole, the source of biogenic toluene in the oil palm is the palm inflorescences.
FAST PHOTOCHEMISTRY
Ground-based measurements of OH, HO 2 , S i R i O 2 , OH reactivity and other parameters relevant for the interpretation of radical measurements (CO, biogenic VOCs, ozone, NO x , spectrally resolved actinic flux) were measured at the Bukit Atur site in the rainforest; OH, HO 2 and S i R i O 2 were also measured on the aircraft. OH and HO 2 radicals were measured using laser-induced fluorescence spectroscopy at low pressure, using the fluorescence assay by gas expansion (FAGE) technique. With FAGE, OH is measured directly, whereas HO 2 is converted first to OH by titration with added nitric oxide, NO. The sum of HO 2 and S i R i O 2 were measured using a peroxy radical chemical amplifier (PERCA; [83] ). OH reactivity is a relatively new measurement that enables the total rate of removal of OH by reaction with its sinks to be established [84 -86] . As OH is such a short-lived molecule (less than 1 s), its concentration is in steady state, being a balance of the rate of production and removal. By generating OH radicals artificially in a flowtube and measuring their rate of decay following reaction with sampled ambient air, the OH reactivity (inverse OH lifetime) can be measured.
Despite the concentration of isoprene being elevated in the rainforest (figures 5 and 6), the OH concentrations in the first campaign were relatively high, the average diurnal profile of OH showing a maximum of approximately 2.5 Â 10 6 molecule cm
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. The corresponding maximum value of the OH reactivity was approximately 30 s 21 (equivalent to a lifetime of approx. 30 ms.). In order to investigate the source able to maintain this concentration of OH despite its rapid rate of removal, the OH concentration was calculated using a selection of the measured source strengths. Previously identified sources of OH included the photolysis of ozone followed by the reaction of O( 1 D) atoms with water vapour, the photolysis of other trace gases (e.g. HONO), the reaction of ozone with alkenes and the reaction of HO 2 with NO. However, including these sources of OH resulted in a calculated OH peak concentration that was only 10 per cent of the measured value in the rainforest, demonstrating that a major source of OH was missing in the calculations. Recently, two theoretical studies have suggested sources of OH and HO 2 following the reaction of OH with isoprene [66, 87] . Peeters et al. [66] calculated the barrier heights on the potential energy surface for this reaction and the lifetime of the isoprene peroxy radical intermediates against isomerization (namely a hydrogen atoms shift) to form OH, HO 2 and photolabile products. Under the low-NO x conditions observed at Bukit Atur, a major channel for the OH reaction with isoprene is calculated by Peeters et al. to be direct recycling of OH and HO 2 , and also the formation of multi-functional-oxygenated intermediates, which may photolyse readily to form further radical species. If unity yield of OH from this reaction is assumed, the calculated OH is still much less than that measured, and unless the yield is much higher, this reaction cannot explain the levels of OH observed (and then the HO 2 concentration is over-predicted). In a study in the Pearl River delta region of China, Hofzumanhaus et al.
[33] also measured OH levels significantly higher than could be explained by known sources, and suggested that RO 2 is converted to HO 2 and HO 2 to OH by an unknown species, X. In the rainforest it would appear that the same, as yet unknown, process is necessary to convert HO 2 into OH in order for the model and measured OH and HO 2 to agree with each other. In a chamber study, Paulot et al. [37] observed the formation of epoxide species following the oxidation of isoprene by OH, which are likely to react further or photolyse to form OH and HO 2 , but, as these species were not a focus of measurements at Bukit Atur, it is difficult to evaluate this mechanism against the measured radical data.
The only previous measurements of OH reactivity in a tropical rainforest were obtained in Suriname [88] . The measured reactivity was found to be about Atmospheric chemistry and land use A. R. MacKenzie et al. 3187 a factor of 3 higher than that calculated using the colocated sinks of OH measured at the same time. During OP-3, the measured OH reactivity (average diurnal peak approx. 30 s
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) was also found to be considerably higher than that calculated from the observed sinks of OH (approx. 13 s
). Of the measured OH sinks, the removal was dominated by isoprene. A model was used to calculate the reactivity towards OH of intermediates in the oxidation chain of isoprene and other biogenic VOCS, but including these additional sinks still left approximately 50 per cent of the OH reactivity unaccounted for.
Clearly, in this environment there are both sources and sinks of OH that are yet to be identified. Although measurements of radicals were not made at groundlevel in the oil palm region, levels of isoprene were considerably higher than in the rainforest (figure 6), suggesting that similar poorly understood chemistry may operate there, and this is certainly implied by the modelling studies discussed below. Figure 8 shows the mean hourly averaged HO 2 þ SRO 2 diurnal cycles measured at Bukit Atur. The mid-day average concentration (with the 95% confidence interval of the mean) of the peroxy radicals was 33 + 3.5 pptv in OP3-I and 35.6 + 3. The diurnal cycles show a classical bell shape with a slight asymmetry ascribed in previous low-NO x environments to the persistence of RO 2 radicals [89] into the night, owing to the relative rates of radical cross-and self-reactions. Using the OP3 measurements and the methods described in [90] , net ozone production rates were calculated (figure 9). These show that overall the conditions encountered during this work at the rainforest were net ozone productive. This is a reflection of the small, but significant NO levels (ca 40 pptv) present in the rainforest. The derived ozone production rate is strongly dependent on the isoprene concentration, having a linear sensitivity (dln(P(O 3 ))/dln(isoprene) ¼ 1.08) averaged from the two different campaign periods. The results imply that the P(O 3 ) is strongly sensitive in the rainforest boundary layer to changes in isoprene concentration.
AEROSOL COMPOSITION
The composition of sub-micrometre aerosol in regions of oil palm and rainforest was compared using measurements obtained aboard the FAAM aircraft. These were performed using an Aerodyne compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) [91] that measures the bulk composition of sub-micrometre non-refractory aerosol particles with a high time resolution. Though 70 eV electron impact ionization is employed, key fragments in the mass spectrum have been shown to provide information on organic composition [92, 93] . In particular, the organic signal m/z 44 (CO þ 2 ) has been shown to be high when the organic aerosol is very oxidized and implies significant ageing, whereas that at m/z 43 is either owing to an alkyl ion (R 3 R þ 7 ) or to an oxygenated peak (C 2 H 3 O þ ), the latter of which has been demonstrated to arise in rather less-processed SOA [93] [94] [95] , hence the m/z 44 to m/z 43 ratio gives a good indication of the level of oxidation of the particulate organic matter (OM). The mass fragment m/z 60 is a typical fragment of anhydrous sugars [96, 97] and is associated with fresh biomass burning [98, 99] .
The particle mass concentrations presented here use more robust averaging methods and are slightly revised compared with the preliminary data in Hewitt et al. [54] . Considering only boundary-layer data, average mass concentrations of organic and sulphate aerosol were elevated over the oil palm plantations when compared with the rainforest, by 17 per cent and 20 per cent, respectively-modest compared with the increases in isoprene concentrations observed. The organic particulate over the oil palm is also more oxidized than the rainforest, with ratios of mean organic contributions at m/z 44 and 43 of 1.35 and 1.26, respectively.
There is a little correlation of either OM or O : C with tracers of anthropogenic emission, suggesting that primary anthropogenic OM is not dominant, although processed anthropogenic OM may be significant. However, NO x , BC and CO were all enhanced over the oil palms when compared with the rainforest, suggesting there is some increase in anthropogenic influence. The less OOA measured over the rainforest is likely to be locally produced biological SOA from rainforest VOC emissions. Air mass analysis [100] shows that the main source of sulphate aerosol is external to the island. The elevated sulphate levels over the oil palms are consistent with this, being closer to the coast.
Palm oil processing plants are also major local sources of particulate matter, although the regional impact remains un-assessed. Sampling of a processing plant chimney plume near-source showed organic particle loadings of more than 100 mg m
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, with a mass spectrum typical of flaming biomass burning aerosol [96, 97] . Our data suggest that, despite large changes in VOC, there appear to be only small changes to SOA and sulphate burden over the palm oil compared with the rainforest.
A substantial fraction (up to 15% by mass) of atmospheric sub-micrometre organic aerosol measured during OP3 was detected as methylfuran (MF), identified by a strong peak at m/z ¼ 82 by AMS and two-dimensional gas chromatography with detection by time-of-flight mass spectrometry (GC Â GC/ToF-MS) analysis [101, 102] . This MF signal correlated strongly with MVK and MACR. MF can be produced in the gas phase by isoprene oxidation, but has thermophysical properties that make it unlikely to partition significantly into the particle phase. Instead, we hypothesize that lower volatility isoprene oxidation products partition into the particle phase, and these are converted into MF during the thermal volatilization of particles prior to detection (by AMS or GC Â GC/ToF-MS). The m/z 82 peak is greater over regions of oil palm, which is consistent with higher levels of isoprene emission from the plantation landscape.
Super-micrometre particles, measured at the rainforest site, exhibited a primary biological aerosol (PBA) mode [103] between 2 and 20 mm (optical equivalent diameter) and so it is expected that the relative PBA contribution to giant CCN and ice nuclei (IN) is larger in the rainforest than elsewhere. Bioaerosol data are not available for all sites, but it is likely that the quantity and morphology of bioaerosol over plantations would be different to those in the rainforest, because of the removal of a microclimate suitable for fungi. This may have implications for precipitation over the two landscapes.
MODELLING LOCAL ATMOSPHERIC COMPOSITION (a) Rainforest
Box-modelling studies of the rainforest [64, 104] have found that NO x and O 3 chemistry can be represented well during the daytime, but not VOC concentrations and those of the principal oxidant, OH. Specifically, in default model runs, the concentration of OH during the day was substantially underestimated, and the concentrations of MVK and MACR were overestimated [64] . Overestimation of these oxidation products could be corrected by implementing wet deposition in the model, and also including a substantial dry deposition velocity (approx. 1.5 cm s
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) for MVK and MACR.
For this particular location, implementing an isoprene oxidation scheme with OH recycling [19, 66] could correct the modelled (OH) underestimation, but caused the model fit to isoprene in particular to be significantly degraded [64] . The only way in which to yield simultaneously a good model fit to both isoprene and OH and remain within the constraints provided by the measured isoprene fluxes was to invoke a 50 per cent reduction in the rate of reaction between isoprene and OH, following Butler et al. [34] . One can justify a reduction in reaction rate by envisaging the segregation of isoprene and OH within the PBL. That is, parcels of air which have been in contact with the isoprene source (the forest canopy) have high isoprene concentrations. Let us call these 'sourceimpacted' air parcels. Source-impacted air parcels also have low OH concentrations owing to the rapid reaction between isoprene and OH. Other air parcels, distant from the source but still within the local planetary boundary layer (PBL), contain lower isoprene concentrations, because the isoprene has reacted away, and higher OH. Let us call these 'aged' air parcels. Turbulent flow in the PBL stirs and folds source-impacted and aged air parcels, mixing them together relatively slowly, so that instruments measure high-frequency variations as air parcels of different kinds move past the instrument. Since it is not possible to include segregation directly in a box model, which, by definition, assumes instantaneous mixing throughout the box, segregation must be parametrized by reducing the rate coefficient for the isoprene OH reaction. The 50 per cent reduction in rate constant used by Butler et al. [34] and Pugh et al. [64] is at the high end of estimates using large-eddy simulations [105] , and larger than the segregation measured in the single high-frequency field measurement [106] . Pugh et al. [107] have subsequently developed a more direct method than box-model optimization to calculate the intensity of segregation of isoprene and OH. This method uses the high-frequency measurements of isoprene concentration [70] made in the PBL above the rainforest during OP3. Direct measurements of segregation intensity require co-located, high-frequency time series for both species. High-frequency OH measurements were not available during OP3, so the steady-state expression for OH, constrained to the observed isoprene (and other) concentrations, was used instead to generate a suitable time series. A test of this method against the only measured dataset of isoprene and OH segregation in the PBL [106] yielded very satisfactory results. Using the method for the OP3 data showed that segregation of isoprene and OH above the rainforest was equivalent to a reaction rate reduction between these two compounds of no more than 15 per cent [107] . With this measure of segregation, modelled isoprene and OH concentrations cannot be reconciled with measurements. In common with the Amazonian studies of Ganzeveld et al. [15] , OP3 box-modelling studies substantially underestimated night-time NO and O 3 concentrations [64] . Incorrect model concentrations of NO x and O 3 at the end of the night can adversely influence the chemistry of the following day, so some care is needed when using box models over several days. Comparison of a one-dimensional model with the OP3 data suggests that the nocturnal measurements are representative of a very shallow (ca 5 m) layer. It is then more informative to compare box-model results with boundary-layer-average mixing ratios from a onedimensional model tuned to fit the observations of NO, NO 2 and O 3 . When NO x mixing ratios are high (above ca 1 ppbv), chemistry and transport interact such that there appears to be no general strategy or parametrization that can produce box-model results at the end of the night in reasonable agreement with boundary-layer averages from one-dimensional simulations. However, under low-NO x conditions (i.e. mixing ratios less than ca 1 ppbv), the use of a lower, effective, deposition velocity for O 3 (only) during night time in a box model can produce NO 2 and O 3 mixing ratios in agreement with one-dimensional simulations at the end of the night. A parametrization has been developed to derive the appropriate effective deposition velocity for O 3 , based on friction velocity and the Monin -Obukhov length [108] . When the parametrization is employed, more ozone remains available in the box to convert nocturnal NO emissions to NO 2 , as is the case in a stable boundary layer in which the ozone aloft cannot mix down to the surface efficiently and NO emissions percolate upwards, converting to NO 2 as they do so.
(b) Oil palm plantation The 24 h ozone budgets for rainforest and oil palm landscapes are shown in table 2. The large magnitudes of chemical production and loss show the importance of chemistry in determining the atmospheric composition at these sites. The model study, from which this budget is derived [31] , treats both landscapes as having the same deposition velocities for ozone and other species. If, as Fowler et al. [2] now suggest, the deposition velocity to oil palm is lower, then the significance of chemistry to the budget will increase.
The difficulties in modelling surface-layer atmospheric chemistry are not any less over the plantation landscape than over the rainforest landscape. The ambient NO x mixing ratios (figure 4) are higher over the plantation landscape owing, we believe, to emissions from the palm-oil processing plants and to fertilizer application [2] . This should tend to make the atmospheric chemistry modelling easier, because the isoprene -OH 'problem' is prominent under low-NO x conditions, but isoprene mixing ratios are also much increased relative to the rainforest (figures 5 and 6) so that, overall, the plantation atmosphere has a [VOC]/[NO x ] at which atmospheric composition is poorly modelled by current chemical schemes.
Where plantations are sited next to highly developed urban areas and highways, the modelling in Hewitt et al. [31, 58] suggests that ozone production will be efficient, resulting in air-quality problems on occasion.
DISCUSSION AND CONCLUSIONS
The OP3 project was initially designed to focus exclusively on the atmospheric chemistry of the remote tropical rainforest in South East Asia. Additional funding (the NERC ACES project), substantial help in kind from an oil palm plantation operator and the particular logistics of flying low-altitude research sorties in Borneo have resulted in an extensive dataset over contrasting land systems in South East Asia. The ground-based and airborne measurements show that the atmospheric composition above each landscape is dominated by local emissions [2] , because horizontal wind speeds are typically low. Air above the rainforest is rich in isoprene (with a typical mixing ratio of approx. 1 ppbv) and other biogenic VOCs emitted from the forest. Air above the rainforest is low in NO x (typically approx. 200 pptv), this NO x provided by soil emissions. Even greater amounts of isoprene are present in air above the oil palm plantation (typically approx. 4 ppbv), a result of the very strong isoprene emissions from oil palm. NO x mixing ratios over the plantation are also elevated (typically 350 pptv) compared with the rainforest, as a result both of nitrogen fertilizer application and on-site palm-oil processing. Although isoprene is the dominant VOC over both landscapes, and there is a mass-spectrometric signal indicating that isoprene is a substantial source of SOA, other VOCs-monoterpenes over the rainforest and estragole over the plantation-are also present in quantities that could account for the oxidized organic fraction of the observed atmospheric aerosol, given reasonable estimates of yields and loss rates. Our ground-based studies of the fast photochemistry taking place, and of boundary-layer structure, were restricted for logistic and funding reasons to the rainforest location. Here, we found concentrations of OH (maximum daily values typically greater than 2 Â 10 6 molecule cm
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) that were high considering the abundance of reactive biogenic VOCs, particularly isoprene. These observations are consistent with those of Lelieveld et al. [19] from Amazonia, suggesting that the sustenance of atmospheric oxidizing capacity is a generic property of tropical rainforests. We expect the oil palm plantation landscape to exhibit similar chemistry, except where the plantation is close to highly developed urban areas and highways, in which case the additional anthropogenic NO x will make the chemistry more straightforward and ozone production efficient.
Sub-micrometre aerosol composition, measured at the rainforest and at the plantation, shows a strong contribution from isoprene. Since isoprene is the major component of reactive VOCs emitted into the atmosphere, this finding could have significant implications for the global aerosol budget. Larger, super-micrometre, aerosol particles at the rainforest were dominated by PBA, particularly fungal spores. Although we were not able to make measurements of PBA at the plantation, it is very likely that the quantity and morphology of primary bioaerosol from the plantation landscape will differ significantly from that of the rainforest, since fungal communities exist in closely synergistic relations with the above-ground biomass. Changing the primary bioaerosol emission from a landscape may have impacts on rainfall, since cloud-ice formation, a key process in rain-making, even in the tropics, may be sensitive to the concentration of bioaerosol present. As land is converted from natural rainforest to oil palm agriculture, the contribution of isoprene SOA from atmospheric oxidation of isoprene emissions, and aerosol from oil palm processing, will both increase, though our data suggest that overall, there appear to be only small changes to SOA and sulphate burden over the two regions measured.
Although OP3/ACES was probably the largest field deployment of the UK atmospheric chemistry community to date, and had substantial help from Malaysian and other international partners, the consequences of land-use change on atmospheric composition in South East Asia cannot be said to be adequately characterized. Measurements at the oil palm plantation did not include those relevant to fast photochemistry and boundarylayer dynamics. Longer term measurements are needed to ensure that the differences between oil palm and rainforest atmospheric composition, and the differences between South East Asian and Amazonian rainforest are robust. Further night-time measurements at rainforest (South East Asian and Amazonian) and oil palm plantation sites would be valuable in order to improve our understanding of the impact of nocturnal chemistry and deposition on the atmospheric composition of subsequent days. Our hypothesis that ozone production from oil palm plantation emissions will greatly increase as socio-economic development drives up vehicle use remains to be tested. There are regions of South East Asia, such as Kuala Lumpur and surroundings, in which this chemistry could already be tested. 
